We report optical gain at 382 and 414 nm from Nd 3ϩ -doped fluroindate glasses after excitation with lasers operating either at 583 or 532 nm. Stimulated emission due to a frequency upconversion process results in increase of the emitted violet and blue light intensity and emission line narrowing. Large optical gain is measured by pump-probe spectroscopy using samples with various Nd 3ϩ concentrations.
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I. INTRODUCTION
Solid-state lasers based on frequency upconversion phenomena in rare-earth ͑RE͒ doped materials [1] [2] [3] [4] [5] [6] [7] are promising violet/blue light sources for applications such as high-density data storage, displays, contaminant detection, and biological research. 8 A common procedure to investigate new upconversion lasers is to choose a convenient host with a low energy phonon spectrum which allows a larger lifetime of RE metastable states and large luminescence efficiency. Amongst the suitable hosts such as heavy metal-based amorphous matrices, fluoride glasses have received great attention due to its small optical phonon energies. 7 Fluoroindate glasses ͑FIGs͒ belong to this class of materials and they have been extensively studied in the last years. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Besides a large efficiency as frequency upconverters, FIGs are known to have a high resistance to moisture with good chemical and mechanical stability and a large transparency window ͑0.2-8 m͒.
Up to the present upconversion laser performance has been evaluated through laser slope-efficiency measurements and not much attention has been devoted to measure the nonlinear coefficient related to the mechanism responsible for feeding population to the fluorescent levels. This is generally difficult to quantify because the amplification of the signal in one-pass events in the nonlinear medium is usually small.
In this article we report the first observation of amplification in violet and blue wavelengths using Nd 3ϩ -doped FIG samples excited by lasers operating in the red/green range. A method to measure the nonlinear coefficient, using an incoherent light source as a probe and a laser beam as the pump source, is introduced based upon the behavior of Fourier components of the amplified signal. The results are presented for two different pumping wavelengths and various Nd 
II. EXPERIMENTAL SETUP AND TECHNIQUE USED
The fluoroindate glasses used were based on InF 3 as the network former and various modifiers. The glass synthesis was implemented using the procedure given in Ref. 9 Figure 1 is the schematic of the experimental setup for nonlinear measurements. The probe beam was obtained using a low power white lamp whose wavelength ( 1 ) was selected using a 25 cm grating monochromator. The pump beam at wavelength 2 was obtained from a dye laser pumped by the second harmonic of a neodymium:yttriumaluminum-garnet laser or the second harmonic beam. A mechanical chopper was used to modulate the intensity of the probe and pump beams at the frequencies f 1 and f 2 , respectively. The signals were detected by a GaAs photomultiplier connected to a lock-in amplifier, which is triggered by an electronic signal generated by the chopper. The detection technique used was based on the measurements of the Fourier component at ( f 1 ϩ f 2 ) present in the transmitted probe beam due to the presence of the pump beam.
The propagation of the probe beam with intensity I 1 through the nonlinear medium excited by the strong pump laser beam with intensity I 2 , can be described by
The solution of Eq. ͑1͒ for the transmitted intensity is given by
where ␣ 1 and ␣ 2 are the linear absorption coefficients at the probe and pump beam wavelengths, respectively, R is the reflectivity at the sample's surfaces, d is the sample thickness, I 2 (0) is the intensity of the pump beam just before entering the sample and ␤ 12 is the nonlinear coefficient. nonlinear term in Eq. ͑1͒ arises because the intensity of the probe beam is affected by the presence of the pump beam, and the quadratic dependence on I 2 comes from the fact that two photons are necessary to originate the nonlinearity as will be explained below. The value of ␤ 12 is usually small and the intensity change of the signal due to its passage throughout the sample is feeble. The main difficulty in this kind of experiments is to distinguish between the spontaneous emission generated at 1 due the frequency upconversion process excited by the pump beam and the amplified probe beam component. As shown in Fig. 1 , the strong beam is made collinear with the probe beam and both beams are focused on the sample. A broad band incoherent light source was used as the probe beam and the spectral region of interest ͑360-440 nm͒ to be sent through the sample is selected using a dichroic mirror ͑DM͒. The experiments were performed at two wavelengths of the pump beam at 583 or 532 nm. The pump and probe beams were chopped at different frequencies that are not harmonic of each other before they reach the DM. As indicated in Fig. 1 we choose f 1 ϭ5 f 2 /6 with f 2 ϭ112 Hz. Color filters at the entrance of the spectrometer prevent scattered light due to the pump beam to enter the monochromator. The light signal from the sample, in the violet-blue range, has three components: an upconverted scattered light modulated at frequency f 2 , the probe beam with a frequency modulation f 1 , and a component with frequency ( f 1 ϩ f 2 ) that results from the interaction of both beams, I 1 and I 2 , with the Nd 3ϩ ions in the sample. The signal at ( f 1 ϩ f 2 ) carrying information on the stimulated emission process is electronically filtered by a lock in and the data are sent to a personal computer for processing.
III. RESULTS AND DISCUSSIONS
The linear absorption spectrum of one sample is shown in Fig. 2͑a͒ . The bands are due to the Nd 3ϩ ions and their positions are independent of the Nd 3ϩ concentration. This is characteristic of inhomogeneously broadened transitions inside the 4 f shell which are not very sensitive to the perturbing crystalline field.
In one set of experiments the pumping wavelength was tuned to 583 nm, close to the absorption band centered at 577 nm ( 4 I 9/2 → 2 G 7/2 ) but not on resonance to avoid hole burning due to the large power emitted by the dye laser. Fig.  2͑b͒ . Other emissions in the visible and in the infrared range can be easily assigned to the Nd 3ϩ levels but we are not interested in their behavior for the present purpose. A loglog plot of the violet and blue fluorescence as a function of the pump power exhibited a quadratic dependence for each emission line, corroborating the assumption that two photons from the excitation source are necessary to excite levels 4 D 5/2 , 2 I 11/2 , and 2 P 3/2 and to produce each upconverted photon. The spectrum corresponding to emissions at 382 and 414 nm are shown in Fig. 3͑a͒ for the sample with xϭ0.5. These emissions have been previously studied under pulsed 19 and continuous wave excitation 20 and they are particularly interesting because of their large oscillator strengths. Since it was already observed laser action in Nd 3ϩ -doped ZBLAN fibers at these wavelengths, 21, 22 we set an apparatus to measure the coefficient ␤ 12 in our samples and to investigate the expected stimulated emission when the pump and probe beams are present.
After a careful adjustment of the overlap between the probe and the pump beams on the sample we scanned the probe beam wavelength and recorded the signal at ( f 1 ϩ f 2 ) for a fixed incident pump power. In this case the signals at ( f 1 ϩ f 2 ) are observed only at two wavelengths corresponding to the upconversion lines at 382 and 414 nm as illustrated in Fig. 3͑b͒ . We also measured the amplitude of the signal modulated at ( f 1 ϩ f 2 ) as a function of the pump power for Table I . ( 1 ) was scanned in the range between 370 and 430 nm while the excitation wavelength ( 2 ) was fixed at 583 nm. The scales are arbitrary. Fig. 4 for the samples with xϭ1 and 3. The measurements were repeated with the pump laser at 532 nm and both fluorescence lines were analyzed. As shown in Fig. 4 the experimental results exhibit an exponential growth as a function of the pump intensity that is observed for all samples studied. Also shown are the results for ZBLAN:Nd 3ϩ sample. The exponential curves fitted to the experimental results with basis in Eq. ͑2͒ give the values of the nonlinear coefficient ␤ 12 shown in Table I for the two excitation wavelengths and for different concentrations of Nd 3ϩ in both host matrices. It is important to note that the values of ␤ 12 for 583 nm are ϳ10 4 times larger than the values obtained for 532 nm. This enhancement occurs because the laser at 583 nm is closer to resonance and the oscillator strength of the transition peaked at 577 nm is larger than for the absorption line centered at 521 nm. We also observe that the most efficient sample is the Nd 3ϩ -doped fluoroindate glass with xϭ1. The reason being the strong fluorescence quenching in the more concentrated sample with xϭ3 due to cross-relaxation processes between Nd 3ϩ neighbors. 19 Another relevant feature to consider is the behavior of the linewidths ͑⌬͒ of the upconverted emissions in Fig. 3͑a͒ in comparison with the spectrum of Fig. 3͑b͒ . The value of ⌬ for the amplified emissions is smaller for both lines at 382 and 414 nm. This line narrowing is due to the amplification process even though the interaction length is only 1.80 mm.
The results reported indicate the possibility of using FIG as a better gain medium than ZBLAN at 382 and 414 nm. Of course the development of good quality optical fibers based on FIG may allow the operation of efficient upconversion fiber lasers in the future. 23 Finally, in order to be sure that the detected signals were due to stimulated emissions instead of induced absorption, an independent experiment was performed. Using two HeNe lasers modulated at frequencies f 1 and f 2 , we operated the photodetector in the nonlinear regime, set the lock-in phase to ϭ0 and measured a negative signal at ( f 1 ϩ f 2 ). Keeping the lock-in parameters fixed such that ϭ0, and returning to the scheme of Fig. 1 , we observed a positive signal at ( f 1 ϩ f 2 ) which indicates that a signal due to stimulated emission was detected.
In summary the results presented in this article demonstrate a simple method to measure optical gain in single-pass experiments using bulk samples doped with RE ions. The technique has shown a high sensitivity and allowed us to determine the gain parameter for the violet and blue emissions at 382 and 414 nm in Nd 3ϩ -doped FIG and ZBLAN for two absorption bands pumped either at 583 or 532 nm. The results show that operation of efficient upconversion lasers based in Nd 3ϩ -doped fluoroindate glass fibers exploiting the process studied here is promising.
